A rapid increase in the risk of urban flooding in recent years has urged the research community to enrich approaches to deal with urban flooding problems. The state-of-the-art approach consists of coupling one-dimensional (1D) and two-dimensional (2D) hydrodynamic models. However, at present such coupled 1D/2D models are mostly commercial and complex to build and run. The present study has proposed a new simple approach for modeling urban flooding by coupling Storm Water Management Model (SWMM) and LISFLOOD-FP, two widely used freewares with relatively simple components. The coupled model was firstly applied to the Shiqiao Creek District in Dongguan City, South China, and verified against four major historical floods. The testing results demonstrate the capability of the coupled model in predicting urban flooding. The successful coupling of SWMM and LISFLOOD-FP offers another simple, practical approach for urban flooding estimation, which can be readily used by non-expert users or those who do not have access to commercial modules.
INTRODUCTION
Flooding in urban areas is characterized by strong intensity and a short response time that would cause enormous human and economic losses (Apel et al. ) . With changes in global climate and urbanization, urban flood is increasing and resultant damage has been reported worldwide (Lin et al. ) . As a consequence, it still remains a challenging issue for hydrologists and needs further investigation (Kjeldsen et al. ; Paz et al. ) .
Flood dynamics across urbanized areas are difficult to understand because of the complex urban infrastructures, underlying surface conditions and drainage systems, which play important roles in flood propagation and accumulation (Leandro et al. ) . Scientists have sought to study urban flood by means of different methodologies, including investigation of historical floods (Swan ), indicator-based flood assessment (Leitão et al. ) , and numerical modeling (Liang & Smith ) . Among these, numerical modeling is an effective and prevailing method to deal with urban flood problems at present (Leandro et al. ; Bach et al. ) . Considerable progress has been made in the development and application of hydrologic/hydraulic models for urban flood simulation over the past decades.
two-dimensional (2D) overland models for flow routings along the pipelines and the ground surfaces covered with buildings, streets and sidewalls, and are capable of reproducing the interaction between sewer systems and overland surfaces (Seyoum et al. ; Willems et al. ) . While these models are proved able to make reasonable predictions of the likely flood damage, their abilities can vary with the objective of the study, the characteristics of the study region, and data availability (Bach et al. ; Chang et al. ) . It is therefore impossible to identify a universal model which is best suitable for modeling urban flood. On the other hand, the foregoing models are mostly commercial
and non-open for users, which, to some extent, has hampered their widespread use. Indeed this would become a major problem for researchers or engineers who do not have access to commercial modules, due to lack of model techniques for the study of urban flood processes. Next, a brief discussion is given and finally, the conclusion is presented.
MODEL DESCRIPTION AND METHODOLOGY SWMM and LISFLOOD-FP
Introduced in 1971, SWMM is considered a landmark of urban hydrologic models and is broadly regarded as an efficient 1D sewer model (Delleur ) . It is capable of simulating runoff quantity and quality according to the 1D Saint-Venant equations from primarily urban areas. In the SWMM framework, the whole study area is divided into a collection of sub-catchments that receive precipitation and generate runoff. The surface runoff in a sub-catchment flows entirely into a single outlet (manhole or any other sub-catchment) and thus there is no surface routing in SWMM. Storm water is then transported in pipes, channels, storage/treatment devices, pumps, and regulators, and finally flows toward the area outlets. In SWMM, when all pipes connected to a manhole are full of storm water, or when the water surface at the manhole is between the crown of the 
In Equation (1), Δt i swmm is also considered as the ith execution time of SWMM.
In the case that Δt i swmm < Δt i lisflood , the magnitude of Δt i swmm is adjusted as:
In Equation (2), Δt i lisflood is also considered as the ith execution time of LISFLOOD-FP. Equations (1) and (2) indicate that for the ith execution, the simulation times of the two models are equivalent, enabling the two models to exchange information at the same time ( Figure 1 ).
Interacting discharge
In the coupled model scheme, the overflows/inflows from sewers/ground to ground/sewers through manholes at the end of each execution are treated as point sources (i.e. initial conditions) of LISFLOOD-FP/SWMM for the next execution. As stated in the introduction section, the effect of a manhole-cover on such interacting discharge should not be neglected. Given that there is no theoretical or empirical formula available to measure the effect of a manhole-cover on interacting discharge, this paper introduces a reduction coefficient to preliminarily reflect such an effect, and accordingly modifies the previous proposed weir and orifice formulas to compute interacting discharge. To the best of the authors' knowledge, the reduction coefficient is largely determined by the shape of the manhole-cover, which can be estimated through the following equation:
in which A and A 0 represent the flow cross-sectional area and geometric cross-sectional area of the manhole, respectively.
According to Chen et al. () , the interacting discharge should be calculated by the water level difference between the sewer network and the above-ground surface. Let h U and h D be the upstream and downstream water levels, which are defined as:
where h m and h d are the hydraulic head at the manhole and the water surface elevation on the 2D overland grid, respectively. The crest elevation of a manhole may differ from the ground elevation of the overland grid containing the manhole, therefore, to avoid inaccuracies that result from inconsistency between two data sets, the crest elevation, z crest is determined by:
where z m and z d are the crest elevation of the manhole and 2D grid elevation, respectively.
In the case that h D < z crest < h U , the discharge is calculated based on the free weir formula and the reduction coefficient:
where c is the weir discharge coefficient and W is the weir crest width. λ is the reduction coefficient described above.
Positive/negative Q indicates surcharge/drainage flow from sewer/overland to overland/sewer.
In the case of z crest < h D < h U and h U À z crest < (A 0 =W), the submerged weir formula is adopted instead to compute the discharge shown as:
If h U À z crest ! (A 0 =W), the manhole is considered fully submerged and the orifice equation is used:
where c 0 is the orifice discharge coefficient. 
Evaluation of model performance
In this study, three metrics are utilized to assess the model performance, including the Fit statistic (F ), relative error (RE), and Root-Mean-Square Error (RMSE). Both the F statistic and RMSE are commonly used for evaluating hydrodynamic models (Yin & Yu ) . The F statistic is defined as follows:
in which A obs and A sim indicate the sets of pixels observed to be flooded and predicted as flooded, respectively. A 0 is the overlap of A obs and A sim . F is equal to 1 when observed and predicted flooding areas coincide exactly, and 0 when no overlap exists. RE can be inferred based on the following equation:
in which h sim max and h obs max denote predicted and observed maximum flooding depth. While the RMSE metric is defined by:
where h sim i and h obs i represent predicted and observed flooding depths (or water levels), respectively; i is the index of wet pixels and n is the total number of wet pixels in prediction and observation.
APPLICATION Case site
The coupled model was first tested on a real-world case Hourly rainfall data used in this case study were collected from a local rain gauge operated by the Meteorological Bureau of Dongguan City. The data set contains four extreme storm events, as listed in Table 1 .
There are no aerial images or instrument measurements of flood extent for these four events. However, point-based field surveys of flood locations and depths are available.
The surveys mainly cover zones A, B, C and D (Figure 2 ), where instrument measurements of flooding depths were carried out by a crew from the Water Authority of Dongguan City. The crew are specialized in flood information collection and have visited the four zones mentioned above during the storm events (Wu et al. a, b) . Therefore, the surveys, on the whole, can estimate a reasonable set of flooding depths over these zones. With the flooding depth data, the above-ground water levels across these zones were determined, based on elevations and flooding depths.
In other words, water levels in zones A, B, C and D are approximately equal to local elevations plus flooding depths (this process was done by means of GIS). Regions with water levels greater than zero were regarded as flooding and then the flooding extents over these regions were obtained (Table 2 ).
The drainage network data were obtained from UPBDC.
Some of the pipelines and manholes were constructed Rainfall concentrated period 00:00-06:00 06:00-10:00 07:00-13:00 04:00-11:00 
Testing results

Model setup
The SWMM time step in this study was set to a fixed value of 2s. In regard to the LISFLOOD-FP time step, an adaptive time step was used in order to avoid model instability (Bates et al. ) . The total simulation time was 24 h covering the whole day. With respect to the boundary conditions, the Shiqiao Creek is closed and covered by roads at present and should be regarded as a sub-drain that belongs to the sewer network. Therefore, all boundaries except the fixed river level boundary (the Dongyin Canal) in the west side of the modeled area were free. Because base flow data of the sewers were unavailable in the application, the base flows in the pipelines were assumed to be zero before simulation. Given the fact that in rainy days evapotranspiration in a region is always weak due to the high humidity condition, the evapotranspiration in SCD during a storm event is negligible and was not considered in the modeling.
Calibration
The major parameters that play key roles in the coupled 1D/ in the study area. The three metrics, i.e. RE, F statistic, and RMSE, were used for goodness-of-fit measurements between the observed and simulated flooding. The reduction coefficient proposed in the current study is also a key parameter, however it is mainly determined by Equation (3) and should be kept constant during the calibration process. Table 3 are reasonable and suitable for the subsequent model validation. 
DISCUSSION Computational cost
Although simplified 2D models or coupled 1D/2D models have advantages of simulating 2D floodplain flows, computational cost, which is due to the need to adopt very small time steps to avoid numerical instabilities in relation to small water depths and surface irregularities (Paz et al.
), has become a main drawback of these models. Such a drawback would become more apparent when high-quality data are used (Dottori et al. ; Bach et al. ) . This specific case study used detailed data sets, including rainfall data of four historical 24-h storm events, a high spatial resolution (1 × 1 m) DEM, and a complex sewer network (even has been simplified before simulation) consisting of approximately 1,000 manholes and pipelines. The application also employed a 2-s time step of SWMM along with an adaptive Table 6 illustrates, the upper ranges of roughness will generally increase if the reduction coefficient is not involved in simulation. The means of roughness values are larger than those with the reduction coefficient considered in the modeling. In particular, the mean roughness of building areas would increase approximately 50%. Table 7 compares the modeled results of four flood-prone areas before and after the reduction coefficient was applied to the coupled model. It is also clear that the model accuracy will decrease if the reduction coefficient is not considered. All these findings indicate that the 1D/2D model with reduction coefficient applied somewhat outperforms that without the reduction coefficient. Therefore, the effect of manhole-cover on manhole discharge capacity is indeed an important factor which may cause divergence of model parameter specifications and affect model accuracy. However, given that it is the first attempt to discuss the manhole-cover effect, the reduction coefficient and its estimation formula acquires stepwise demonstration or improvement in future work.
Advantages and caveats of the coupled 1D/2D model
The coupled 1D/2D model proposed here can be readily integrated with GIS because its output file format is Note: Y denotes reduction coefficient used, and N indicates no reduction coefficient used.
